INTRODUCTION F
undamental to the development of many scientific fields is the need for quantitative observation of a specimen in three dimensions. Examples include the nondestructive inspection of materials to locate defects, measurement of atmospheric pollutants, determination of the distribution of a dye in a cell, or in vivo measurements of metabolic activity in tissue. For these type of analyses, optical measurements to determine concentration of the probe molecule are commonly employed.
Both transmission and luminescent measurements can conveniently be made by the use of a single-point detector for one-dimensional sampling or by the use of scanning imaging systems for concentration determination in two dimensions. When the specimen is imaged onto a detector, the measured signal probes the axial regions of a specimen simultaneously, as shown in Fig. 1 for transmission measurements. The axial information within a specimen is therefore integrated. The integration relationship holds for light attenuation measurements, or the measured intensity of self-luminous sam-pies, or measurements of fluorescence or phosphorescence dyes at low dye concentrations.
For accurate measurements of the three-dimensional character of a sample, the axial heterogeneity of the sample needs to be small. A common practice for dealing with a heterogeneous three-dimensional sample has been to physically obtain thin sections of the sample and measure a distribution of the components for each section. The sections are then reassembled to provide an estimate of the three-dimensional structure. Unfortunately, this approach is time consuming, and it is difficult to ensure that the sections are aligned and that each section is not distorted by the sectioning process. Likewise, this approach does not work for liquid or gasses.
One method to allow noninvasive separation of the axial information is by optical implementation of the tomography technique developed for X-ray computer-aided tomography (CAT) analysis. This may be achieved by rotating the sample with respect to the imaging system and acquiring images at multiple perspectives. The multiperspective images are reassembled by a computer program to obtain a quantitative three-dimensional map of the specimen.
The reconstruction methods rely on the assumption that rays propagate in a straight line through the sample. The straight path assumption is not always valid for optical measurements. At optical wavelengths, a sample may distort the light path because of index-ofrefraction variations or scattering. This behavior can dramatically affect the validity of the reconstruction process. Special techniques must be developed for three-dimensional reconstruction in these cases.
The goal of this tutorial is to explain the concepts of optical tomographic reconstruction and lay the foundation for reconstruction with nondistorted optical ray paths. Extensions are described which allow reconstructions where beam geometry is affected by the sample. In particular, an overview of methods for reconstruction from index-ofrefraction variations and scattering is included.
BACKGROUND
Projection Geometries. The concept of tomographic reconstruction was developed many years ago. 
Fie. I. Attenuation of a sample beam through a heterogeneous sample.
use of an infinite number of noiseless projections, an object can be unambiguously reconstructed. Though an infinite number of projections is impractical, the basic approach to reconstruction remains the same today.
Tomographic reconstructions can be obtained from a variety of different light projection geometries with the sample. However, in a procedure to reduce the computation complexity of the reconstruction, three-dimensional reconstructions are broken down into a series of cross-sectional reconstructions through the sample. The cross sections are then stacked to create a three-dimensional representation of the sample. Projections are generally obtained with the use of one of the projection geometries shown in Fig. 2 . As is shown in Fig. 2A , parallel projections consist of linear translations of the source and detector at successive angular increments. For fan beam projections, shown in Fig. 2B , a series of angular translations of the source and detector are used for each of the successive angular orientations around the object. Though the geometric relationship is different for the two methods, the basic reconstruction approach is the same. The most easily understood method for tomography is the parallel beam geometry.
Parallel Projection Hardware. Tomographic reconstruction hardware can be very simple. Several different hardware configurations can be used for generation of projection images. The simplest form of reconstruction hardware incorporates a single source/ detector pair as shown in Fig. 1 . With the use of a translation/rotation system attached to either the sample or the source/detector, a series of projection from various angles can be obtained, as shown in Fig. 2A . With commercial high-quality translation/rotation stages, most spectroscopic systems can be conveniently adapted for tomographic measurements.
Many measurements are required for tomographic reconstructions. Therefore, multichannel detection can greatly improve the speed of data acquisitions. Data acquisition can be very important when samples with rapidly changing properties are being measured. One-dimensional diode array systems have been used to obtain projections for cross-sectional reconstruction of flames and jets. 2 With a low-numerical-aperture imaging lens to keep the projection collimated, a linear detector simultaneously measures a complete projection. The detector orientation is rotated with respect to the sample to obtain the angular series of projections. The plane of the cross-sectional projection is systematically raised to measure a stack of cross sections in the sample. A three-dimensional volume can then be constructed. To obtain multiple cross-sectional projections through a sample, one can use two-dimensional detectors. Each row from the two-dimensional detector is then reconstructed to determine the series of stacked cross sections. This approach has successfully been used on 4",
Fie. 2. Common scanning patterns for tomographic reconstructions. (A) Parallel linear translations of a detector at successive angular orientations, termed parallel projections; (B) successive angular projections from a series of angular orientations around a specimen, termed fan beam projections.
both macroscopic and microscopic samples. 3'4 An example of a three-dimensional reconstruction using a twodimensional detector system is shown in Fig. I of the inset. The use of two-dimensional detectors allows the acquisition of the three-dimensional volume in under 1 min. The limiting component is the speed of rotation about the scan axis between each projection. For some samples, this speed is still too slow. For samples which vary rapidly with time, simultaneous imaging from multiple angles can be used. With the use of a multiple mirror system, many images can be sampled in 300/zs. 5 Realistically, however, only a limited number of projections can be acquired in this manner. i i i i i l I l l l l l X I l l l l l I l l l l l I l l l l l g(x,y)
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FtG. 3. (Left) Geometric relationship and coordinate system for parallel projection geometries. FiG. 4. (Right) Projections along the X axis and Y axis for a rectangular object with the corresponding simple backprojection reconstruction. The rectangular object is reconstructed; however, there is extraneous signal outside the object boundaries producing a star artifact.
parallel beam geometry ( Fig. 2A) , the three-dimensional reconstruction is broken down into a series of cross sections through the sample. Each projection is related to the underlying physical properties of the sample, as shown in Fig. 3 . As the beam travels through the object along the line of the projection, the total attenuation of the transmitted light is the integral through the sample. Likewise, for luminescent samples, the total intensity of the measured light is the integral of the emitting sources along the line of projection in the sample. The intersection of the light at any point in the sample can be expressed with the use of the algebraic relationship:
where p(r,8) is the radial element r, in the projection at angle 8, and g(x,y) is the value of the physical property being measured at the cross-sectional position x,y. The function 6(x cos 8 + y sin 8 -r) is a delta function specified for each radial projection position to determine the elements of g(x,y) which should be included in the integral of the light path through the sample. The cosine and sine terms transform the radial geometry of the projections to the rectangular geometry of the image. The finite limits of the summation assume the projection is of sufficient size, 2R, to span the sample so that there is no part of the sample that is viewed in some projections and not others.
For the collection of all the projections measured from a sample, a matrix representation of Eq. 1 can be written. This can be done easily with the use of stacked notation to reduce the dimensionality of p, g, and & The stacked vector for g(x,y) is defined by G = {g(1,1)... g(N,1)g (1, 2) . . . g ( N , 2 ) . . , g(N,M)} (2) where N and M are the number of elements in the x and y axes of g(x,y). A similar notation can be defined for the measured projection matrix fromp(r,0) where there are L measurements of the projections at K different projection angles. The model for the overall projection can then be written as
where G is a matrix of size (NM, 1) P is a matrix of size (LK,1), and H is a matrix of size (LK, NM). The projection equation can be regarded as being similar to a multivariate calibration of the responses from a series of detectors, as is routinely done in spectroscopy. The matrix H describes the interaction of each volume element in the sample matrix G to the projection matrix P. The goal of a reconstruction is to determine G from a set of measured projections, P. This task is analogous to determining the composition of an unknown spectrum from a collection of spectra from pure components, as is done in multilinear regression. Just as in spectroscopic calibration, as long as there are sufficient measurements in P for the unknowns in G, a least-squares best solution is possible. However, the solution of G then requires an inversion of H. When no approximations are made, H is a very large matrix. For the estimation of a 100 × 100 volume element cross section with 100 element projections taken with 100 angles, an inversion of a 10,000 × 10,000 element matrix would be required. Not an easy task by any means! However, H is a sparse matrix with few nonzero elements, which allows various approximate reconstruction techniques to be developed.
Several techniques have been developed to provide approximate tomographic reconstructions. These have Three-Dimensional Optical Imaging Figure I is an example of using optical tomography to determine the structure of a biological sample. The specimen is a cochlea (hearing organ) from a guinea pig. The cochlea specimen was dissected from a guinea pig and decalcified in EDTA buffer. The internal structure of the decalcified specimen was then stained with Cibacron Blue dye. Immersion of the decalcified cochlea in 37% benzyl benzoate with 63% methyl salicylate reduced scattering in the specimen and made it transparent. Projection images of the cochlea were obtained at 600 nm with the use of a 55-mm-focal-length lens with an aperture diameter set to 1.7 mm attached to a CCD video camera. The use of the small aperture with extended source allows the illumination to be approximated as being formed from nearly parallel rays. 4 Video output from the camera was digitized into 240 × 240 pixel arrays with the use of a video digitizer system. The cochlea was mounted on a shaft, and a total of 96 projection images were taken uniformly over 180 ° of rotation of the specimen. A three-dimensional reconstruction of the cochlea was calculated with the use of the filtered backprojection method. The cross section of the reconstructed cochlea is shown in included the algebraic reconstruction technique (ART), backprojection, filtered backprojection, series expansion methods, maximum entropy techniques, and various iterative techniques. It is beyond the scope of this article to cover all these methods. Further information on these techniques can be found in Ref. 6. Filtered Baekprojeetion. The most commonly used reconstruction algorithm is the method of filtered backprojection. The concept behind the method is to assign each element of the projection to the volume elements back along the line with which the integration was made. This approach assumes, as a first estimate, that the sample is uniform along each line at the projection. The sample distribution for each projection will be different. By summing all the sample distributions from the projections, one can make an approximate reconstruction of the original sample.
To better understand this approach, consider a strong rectangular-shaped absorber centered at the origin of the sample matrix. The corresponding pro-jections along the x and y axes are rectangular functions of varying size, as shown in Fig. 4 . The simple projection reconstruction is then given as: (4) where g'b(x,y) represents the reconstructed rectangle. The function x cos 0 + y sin 0 transforms between the radial coordinate system of the projections and the rectangular coordinate system of the reconstructed object. Since the sample is transparent, all elements are assumed to be measured in each projection. Therefore, the range of the angular integration is over 180 ° of rotation. For discrete volume elements in g'b(x,y), a linear interpolation of the light path through the sample is used.
As shown in Fig. 4, g'b(X,y) is not a This can be accomplished in two ways. One should either deconvolute the image using the blurring function after the backprojection reconstruction or convolute each projection before the reconstruction with an appropriate filter function. Since each projection can be filtered on the fly, the speed of the reconstruction can be very fast if the projections are filtered before backprojection.
The filtered profile which backprojects to give the true image is derived 
FIG. 5. Absorbance profile obtained from a reconstruction using 96 projections of a 600-1am-diameter pipette which has been uniformly filled with a solution of Cibacron Blue. The index-ofrefraction was matched for both the filling solution and the solution around the pipette to reduce optical distortions.
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Fne. 6. (Left) Geometric relationship for the optical ray path with index-of-refraction variations in the sample. Fne. 7. (Right) Relationship of the optical path through a scattering sample. When few scattering events occur in the ray path, the beam remains collimated.
tion will hold as long as there are a sufficient number of projections to describe the spatial character of the object. In general, the number of measurements must equal the number of unknowns. In situations where this is not possible, such as when one is imaging an object in a container so that all views are not attainable, an increase in the reconstructed error is observed. The magnitude of the error is dependent on the structure being imaged and often appears as streaking in the reconstruction. For obtaining accurate results in a limited-view tomography, iterative backprojection methods are most often employed, u However, if some a priori information about the sample is known, this information can be used as a constraint in the reconstruction. An example of a limitedview tomographic reconstruction is the measurement of the emission from a flame. ~2 Because of the symmetry of the specimen, a cross-sectional reconstruction was possible with 97% accuracy with the use of only one projection. Few samples allow this degree of simplification.
Though the accuracy of the reconstruction is limited, quantitative measurements are still possible. For a given blurring function, the reconstructions are reproducible within the optical resolution limit of the detector system. Since the object boundaries may vary only slightly at different wavelengths, due to the changing optical resolution, a multiwavelength calibration approach may be used to normalize each volume element and thereby obtain quantitative measurement of underlying components. Therefore, even if the tomographic reconstruction cannot completely resolve a small defect, the presence of the anomaly or defect can still be detected by spectral analysis with less interference from the surrounding media.
I N D E X -O F -R E F R A C T I O N T O M O G R A P H Y
For the filtered backprojection algorithm, a straight path through the sample is assumed. However, index-of-refraction variations in the sample may affect the geometry of the propagating light through the sample. As shown in Fig. 6 , an index-of-refraction variation in the sample will deflect the light path from the assumed path by the angle c~. For reconstruction there are many approaches to tomography where indexof-refraction varies in the sample. 13 If the deflection is minor, the ray path can still be assumed to be along the original path, only slightly longer, with the extra path related to the cosine of ce. To determine the pathlength of the measurement, one can use phasesensitive detection of a coherent source. Direct determination of the index-of-refraction is then possible. Several investigators have used this approach as a measure of index-of-refraction in three-dimensional reconstructions of gas density. 13 In addition to the longer length of the total, the beam will also show slight lateral deflection. The amount of deflection can be related to the integrated index-of-refraction variations. For this condition, Faris and Byer 14 have developed a backprojection algorithm for beam deflection similar to the filtered backprojection approach given in Eq. 6. With the use of the beam deflection technique, quantitative threedimensional measurements of flames and jets were possible to within 5% of the theoretical concentration.
If index-of-refraction variations are too great, beam deflection becomes a significant problem. Simple filtered backprojection methods will not work, because the elements of the backprojection matrix, H, are now dependent on the sample composition. As an approach to reconstructing objects from samples with high index-of-refraction variations, a modeling approach to the data has been used. 15 First, the image is reconstructed with the use of the simple filtered backprojection with a straight line geometry. The projections are then estimated by a ray-tracing through the reconstructed sample with variable index-of-refraction, and the results are compared with the measured projection. Each ray in the backprojection matrix is then adjusted by an amount determined by the difference between the estimated and measured projection. The process is repeated until the variation between measurements is small. This method has shown significant promise for reconstruction with large index-of-refraction variations such as from measurements obtained from variable gas density over a rotating propeller. 16 Unfortunately, even though results are repeatable, it is unclear whether the procedure converges to reality.
T O M O G R A P H Y IN S C A T T E R I N G M E D I A
Scattering in a sample affects both beam geometry and attenuation. The scattering process is shown in Fig. 7 . As the light ray travels through the sample, scattering within the sample causes some fraction of the light to be deflected in a variety of different light paths. The deflected light from the first scattering event can be scattered again many times by the sample.
When there is a small amount of scattering in a sample, the contribution of higher-order scattering events measured by a detector will be small. The measured light intensity will then be attenuated because of both the intrinsic scattering and the absorption. At low scattering concentrations, the light propagation geometry is relatively unaffected, and filtered backprojection reconstruction is a viable tool for image reconstruction. Practical applications for this form of tomographic imaging include remote sensing of particulates in air pollution monitoring. 17 When scattering increases in a sample, multiple scattering becomes more important. The light detected has a variety of optical paths through the sample. There are two approaches for tomographic reconstruction in highly scattering media. One should either differentiate between the pathlengths of the scattered light or model the scattering process to account for the path of the measured light.
A useful approach to reduce unwanted scatter from a measured projection is to restrict the path of the imaging light. This can be accomplished by reducing the field-of-view of the source and detector to pinhole apertures. 18 With the source and detector fieldof-view overlapping, light from the source imaged onto the sample preferentially passes through the detector pinhole. Since the scattered light from the specimen is spread over a large region, much of the background scatter is blocked by the spatial selectivity of this design. If scattering is constant in the sample, a measurement in a nonabsorbing scattering sample can be used as a reference for quantitative spectroscopy.
An alternative method to reduce the amount of highly scattered light collected is to differentiate with the use of the pathlength of the detected light. As is the case for index-of-refraction variations, scattered light will have a longer path through the sample. Both the phase of a coherent source and the time-of-flight for modulated light incident on the scatterer can be used to determine the pathlength. 19'2° With the use of only that intensity of the signal which has a short path, a nonscattered ray path can be used in a backprojection reconstruction. Quantitative measurements are then possible with the use of a nonabsorbing scattering reference sample.
The complexity of the scattering process has led to the development of various models for light propagation in a scatterer. Methods have included repeated convolution modeling, 21 photon diffusion modeling, 22 and Monte Carlo simulations. 23 With these models, a relationship can be developed which will define the interaction of volume elements within a scatterer with the light as measured from a given source and detector geometry. A probability density function for the light path through each volume element can then be defined. An example of the calculated probability density function from a Monte Carlo simulation of a uniform scattering sample is given in Fig. 8 . Since the light starts at the source location and must arrive at the detector location to be measured, the probability density is localized to a few volume elements at the source and detection positions. In the center of the scatterer, the probability density is spread out over a larger volume. The center of the object is the maximum distance away from both the source and detector positions and therefore the most uncertain.
The probability density can be regarded as a representation for one orientation of the function 6(x,y,r,d) in
18A
Volume 48, Number 5, 1994 FIG . 9. The relationship of the light  path to the source and detector separation distance for a uniformly scattering  media. For the close spacing of the  source and detector, 
the distribution of light paths in the sample is contained mostly in layer 1. With an increased separation between the source and detector, the distribution of light contains some paths which have traveled through layer 2. A least-squares analysis of the detected signal from the two distributions can be used as a method for depth-resolved spectroscopy.
Eq. l, though in this case it is no longer a delta function. For a reconstruction, probability density functions can be determined for all the possible source detector orientations. The full convolution matrix H is then defined. The complex form of the probability density functions does not allow the use of the simple backprojection method. Some form of the matrix inversion technique must be used. Although the inversion limits the possible number of v o l u m e elements which can be resolved, this approach is feasible for spectroscopic measurements which do not require high resolution. One example of this use of low-resolution scattering tomography is the determination of absorbance from two tissue layers containing scatterers, as shown in Fig.  9 . With the placement of detectors at two different distances away from a source (e.g. fiber-optic collection in Fig. 9 ), two path distributions of the scattered light through the sample are measured. The figure illustrates two regions bounded by iso-intensity contours. For two uniform layers of different absorbance, a two-equations/twounknowns tomographic reconstruction can be defined. This approach has proven useful for the measurement of blood oxygenation in the head. z4 The signals from the blood in skin and the brain underneath can be separated.
Further extensions of this approach should be possible.
C O N C L U S I O N
The technology for noninvasive quantitative spectroscopy in three dimensions is rapidly b e c o m i n g practical for routine sample characterization. With care in sample preparation to ensure minimal index-of-refraction variations, it is currently possible to reconstruct three-dimensional samples with both high resolution and reasonable accuracy. In the future, the principal focus for research will be the development of these techniques for nonideal samples where the geometry of the illumination is less certain. For instance, d e v e l o p m e n t of accurate reconstruction methods for spectroscopic measurements in nonuniform scattering samples is an active area of research. A solution to this problem could allow noninvasive measurements of a vast number of samples which scatter light, such as those seen in the near-infrared analysis of plastics and powders. In the biomedical area, the advantages of obtaining spectroscopic resolution for constituent identification together with three-dimensional spatial resolution should prove an invaluable tool for research and clinical use.
